Filaments of the protein tau are a characteristic occurrence in Alzheimer disease and many other neurodegenerative disorders [1] [2] [3] and the distribution of tau filaments correlates well with the loss of neurons and cognitive functions in Alzheimer disease. [4] Filament formation of tau filaments is based on structural transitions from random coil to b-structure, to give the paired helical filaments (PHFs) which share common characteristics of amyloid fibrils. [5] [6] Protease digestion and solvent-accessibility studies demonstrated that the "core" of PHFs is mainly built from repeat sequences in the C-terminal half of the tau protein. [7] The PHF core is surrounded by a "fuzzy coat", of more than 200 residues that come from the N-terminal half of the protein as well as the C-terminus (Figure 1 a) . [7, 8] Electron paramagnetic resonance and nuclear magnetic resonance (NMR) suggested that residues within the fuzzy coat are highly flexible. [9, 10] Biochemical studies have shown that the fuzzy coat is important for tau aggregation as well as neurotoxicity. [11] [12] [13] Herein we characterized the dynamic structure of PHFs formed by 441-residue tau (htau40), the longest isoform of tau present in the human central nervous system (Figure 1 a), at single-residue level using NMR spectroscopy.
We aggregated 15 N-labeled htau40 into insoluble filaments. NMR diffusion experiments [14] demonstrated that the observed NMR signals arises from aggregated tau protein with a molecular mass of more than 1 MDa (Figure 1 b) . In a two-dimensional heteronuclear single quantum coherence (HSQC) spectrum employing high-resolution magic-angle spinning (HR-MAS) (see Figure S1 in the Supporting Information), [15] we observed about 260 signals ( Figure 1 c and Figure S2 and S3 in the Supporting Information). Sequencespecific resonance assignment of 244 of these signals (BMRB accession number: 17920; see Figure S2 in the Supporting Information) identified most of the residues in the N-terminal domain up to Thr212 and at the C-terminus starting at Val399. [6, 10] No signals were detected for residues between Thr212 and Val399, suggesting that residues in the central domain are too immobile to be detected by liquid-state NMR spectroscopy in agreement with previous studies. [10] Comparison with monomeric htau40 revealed that the NMR resonances of many residues were strongly reduced in filamentous htau40 (Figure 1 d, e). Most strikingly, the sections His121-Lys130 and Met1-Gly37 that are separated from the fibril core by 170 residues or more, showed changes in position and intensity of NMR signals ( Figure S4 in the Supporting Information). The additional signals could not be connected in triple-resonance experiments or using exchange spectroscopy because of low signal-to-noise and signal overlap. Therefore, we assigned the additional peaks to the residue for which the assigned crosspeak of the major peak set had the greatest similarity in chemical shifts and paramagnetic relaxation enhancement (see Figure S5 in the Supporting Information). This procedure indicates that the additional peaks arise from residues at the N-and C-terminus. No peak doubling was observed at the N-and C-terminus in monomeric tau (see Figure S4 in the Supporting Information), highlighting the specificity of the multiple conformations in PHF tau.
We revealed the identity of the PHF-specific conformations through measurements of paramagnetic relaxation enhancements (PREs), [17] in which nitroxide spin labels are attached to cysteine residues at various positions in the PHF tau. The resulting broadening of amide resonances caused by enhanced relaxations rate through the paramagnetic nitroxide label, is quantified through the intensity ratios in the paramagnetic and diamagnetic states ( Figure 2 ). The PRE effect scales as the inverse sixth power of the distance between the unpaired electron of the nitroxide unit and the NMR spin, providing a powerful probe of distances. 15 N spin relaxation times (Figure 1 f) indicate that the fuzzy coat of PHFs is highly dynamic on a broad scale suggesting that the correlation time of the electron-amide proton internuclear vector is comparable to that of small water soluble proteins. Initially, we measured PRE broadening for PHFs with a nitroxide attached to position 15 ( Figure 2 a-c); 40 residues at the N-terminus were broadened with PRE intensity ratios below 0.6. In addition, NMR spectroscopy revealed that Ala119-Asp133, the proline-rich region (Ile151-Thr212) and the C-terminal fuzzy coat To directly probe the interaction between the fibril core and the fuzzy coat, we attached the nitroxide spin label to the native cysteine Cys322 of filamentous tau (Figure 2 g-i) . Attachment of the nitroxide label to Cys322 caused signal broadening in residue stretches close to Gln124, a region that transiently populates helical conformations (see Figure S7 in the Supporting Information), Ala152 and Asn167-Thr212, as well as Ser409-Ala426 at the C-terminus. Thus, residues in the projection domain and at the C-terminus contact the PHFcore residue Cys322 consistent with partial protection of the C-terminus to proteolysis in PHF tau. [18] The strongest effect, however, was observed for the first 30 residues at the Nterminus using either the major or the minor peak set observed for the N-terminal residues ( To obtain insight into the mechanism of formation of longrange interactions in PHF tau, we performed NMR measurements of PHF tau at high ionic strength and of a mutant version of PHF tau in which Phe8 and Val10 were replaced by serine. Mutation of Phe8 and Val10, two hydrophobic residues at the N-terminus of tau, did not affect chemical exchange broadening in PHF tau (Figure 3 a) . In contrast, at high ionic strength the intensity profile of PHF tau was very similar to the profile observed for monomeric tau (Figure 3 b) . Only in regions neighboring the fibril core, that is residues 170-212 and 399-441, the intensity in the fuzzy coat remained low, most likely due to restricted motion inferred by the nearby fibril core. The strong impact of ionic strength demonstrates that electrostatic interactions are important for formation of the network of intramolecular long-range interactions in PHF tau.
For improved Alzheimer disease diagnosis antibodies were developed that detect changes in the conformation of tau. [19] [20] [21] The monoclonal antibodies Alz50 and MC1 recognize conformational changes in the tau protein that appear before the assembly of PHFs and are then also found in PHF, but are not present in normal brain. [20, 22] The specificity of Alz50 and MC1 for pathological tau is due to a unique conformation of tau in the disease state and requires two discontinuous epitopes that are separated by about 300 residues and are located at the N-terminus (residues 1-18) and in the repeat region (residues 313-322). [20, 22, 23] Our paramagnetic NMR measurements demonstrated that the two discontinuous epitopes are in transient contact and are part of a network of long-range interactions that links the fuzzy coat with the PHF core (Figure 2 effects induced at the N-terminus became stronger in PHF tau demonstrating that the interaction between the two discontinuous epitopes of the monoclonal Alz50 and MC1 antibodies is tightened in PHF tau. In addition, PHF-specific long-range contacts were observed between the proline-rich domain, the region next to Met127 and the N-and Cterminus. The network of long-range contacts involving several regions in filamentous tau explains the requirement of residues 155-244 and 305-314 for recognition by the conformation-specific antibody Tau66, [24] as well as the attenuation of Alz50 and MC1 antibody reactivity upon deletion of residues 46-241. [25] In addition, the observed longrange contacts are mostly intramolecular despite the high local concentration of tau in PHFs, in agreement with failed attempts at creating the Alz50 and MC1 epitopes intermolecularly by combining complementary NH 2 -and COOHterminal deletion mutants with an epitop. [20, 22] There is increasing evidence that soluble oligomeric tau species, rather than filamentous tau, may be the critical toxic moiety underlying neurodegeneration. [26] Biochemical studies using recombinant tau have demonstrated a clear selectivity of Alz50 and MC1 for PHF tau: the interaction of Alz50 with PHF-tau is nearly two orders of magnitude greater in affinity than its interaction with recombinant monomeric tau. [25] However, MC1 and Alz50 also bind to a non-filamentous, soluble pool of abnormal tau that is able to self-assemble into PHFs in a concentration-dependent manner, [27] suggesting that both PHFs and soluble oligomers of tau are recognized by Alz50 and MC1. Our study reveals that the two epitopes of the Alz50 and MC1 antibody are already weakly in contact in monomeric tau, but the interaction is tightened during aggregation (Figure 3 c) providing a potential mechanism for the recognition of both oligomeric and PHF tau.
In summary, our study demonstrates that the core structure of tau filaments interacts with otherwise unstructured segments within the protein (Figure 4) . It rationalizes the conformation-specific antibodies of tau and highlights the heterogeneity within aggregate structures.
Experimental Section
Recombinant preparation of tau: Expression, purification, and isotope labeling of wild-type and mutant htau40 were performed as described previously. [28] NMR samples contained Spin labeling of tau: Spin labeling of tau was performed as described previously [28] . To probe for intermolecular contacts, a 1:1 mixture of 14 N C15A291/G322-htau40 and 15 N-labeled A291/G322-htau40 was prepared. The nitroxide spin label MTSL was attached to 14 N-labeled C15A291/G322-htau40 prior to mixing and aggregation.
Formation of paired helical filaments: PHFs of wild-type and mutant htau40 were formed by mixing 13 C/ 15 N or 15 N-labeled protein (ca. 1.5 mm) with heparin 5000 (heparin:tau 1:4) and incubation at 37 8C for 4 days. The reaction was then pelleted at 160 000 g for 40 min. The protein supernatant was complemented again with heparin and incubated for another 4 days. To remove any residual monomeric tau as well as the aggregation inducer heparin, PHF pellets were ultracentrifuged, the pellets were washed with fresh buffer not containing heparin and centrifuged again (40 000 rpm, 4 8C, 40 min). The steps were repeated at least 3 times prior to the NMR measurements. 1D NMR spectra demonstrated that no residual heparin was left (see Figure S1 in 
